We verified the possibility of human breast imaging by using a three-dimensional phantom model, which provides a simulation of human breast cancer, in the gantry. The clinical study was also started in January 2007. In a comparative study with conventional modalities, the breast cancers were detected as regions of optically higher absorption. Moreover, the results suggest that optical mammography is useful in monitoring the effects of chemotherapy.
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We have been developing an optical mammography prototype consisting of a multi-channel time-resolved spectroscopy system for breast cancer screening. The system utilizes the time-correlated single photon counting method, and the detector modules and the signal processing circuits were custom-made to obtain a high signal to noise ratio and high temperature stability with a high temporal resolution. Pulsed light generated by a Ti: Sapphire laser was irradiated to the breast, and the transmitted light was collected by optical fibers placed on the surface of a hemispherical gantry filled with an optical matching fluid. To reconstruct a 3D image of the breast, we employed a method using a time-resolved photon path distribution based on the assumption that scattering and absorption are independent of each other.
Introduction
Breast cancer is a major health problem worldwide. It is estimated that one in twenty Japanese women and one in eight American women will develop breast cancer at some point during their lifetime. However, the early detection and diagnosis of the disease significantly reduces the mortality rate and also the need for more extensive surgery. Diffuse optical tomography (DOT) is widely studied using the time or frequency domain (1-9), because it can acquire internal physiological information non-invasively. Each approach have advantages in obtaining optical images. Applications include measurement of brain function, diagnosis of cancer in Breast Tissues and so on. Use of DOT especially for breast cancer diagnosis, so-called optical mammography, is not expected to provide precise anatomical information but could provide evidence of angiogenesis, metabolic activity and oxygen consumption in the tumor. Many optical imaging methods for the diagnosis of breast cancer have been investigated (1-12). Our system generates three-dimensional optical images of the breast using a time-resolved spectroscopy (TRS) system. The TRS system also gives us information on various aspects of the interaction between human tissue and light (13) (14) (15) (16) (17) (18) . We report our imaging method and the results of our initial clinical study.
Materials and Methods
The design and construction of the time-resolved imaging system, the details of data acquisition, clinical flow, phantom construction, and our reconstruction algorithm are described in this section.
Instrumentation Figure 1 shows our optical mammography system. It is a 48-channel TRS system that we developed for breast cancer screening. This system uses the time-correlated single photon counting (TCPC) method for measuring the target with high temporal resolution. It consists of the light source, detector units, controller (PC) and examination bed. The light source was a mode-locked Ti: Sapphire laser (MaiTai, Spectra-Physics Lasers Inc., USA) useable at three-wavelengths (765 nm, 800 nm, 835 nm); the average power used was approximately 40 mW, 37 mW and 24 mW, respectively, at a pulse width of 100 ps and pulse rate of 80 MHz. The laser safety regulations of the patient are based on IEC (IEC60825-1). An optical switch (SC Series, JDS Uniphase Inc., Canada) was utilized in this experiment to select the light irradiation point. A neutral density filter installed between the optical switch and each irradiation fiber maintained the light entering the PMT at the correct level. The coaxial fibers were used for light irradiation and collection. Single optical fiber (GC200/250L, Fujikura Ltd., Japan) at the center of the coaxial fiber used for light irradiation had a numerical aperture (N.A.) of 0.25 and a core diameter of 200 µm. Optical bundle fibers (Moritex Corp., Japan) around the single optical fiber used to collect the light had an N.A. of 0.56 and a bundle diameter of about 3 mm. The detector unit consisted of the photo detector unit (PDU) and the signal processing circuit (SPC). PDU consisted of photomultiplier tube (PMT, H7422-50MOD, Hamamatsu Photonics K.K., Japan) and variable optical attenuator (custom-made). The quantum efficiency (QE) of the PMT was about 15% (@800 nm), and transit time spread (TTS) ,250 ps. SPC consisted of constant fraction discriminators (CFD), time-to-amplitude converters (TAC), A/D converters and histogram memory. The examination bed consisted of the bed and the gantry. Figure 2 depicts the gantry. Scattered light was collected by optical fibers placed on the surface of the gantry. We reconstructed the breast images with a liquidcoupled interface in a hemispherical cup; in this method, there is no need to compress the breasts or attach the optical fibers directly to the breast surface (19) . The cup has a diameter of 128 mm. Our liquid-coupled interface is made up of water with intralipid (20, 21) and carbon ink as respective scattering and absorbing materials. This liquid was circulated around the gantry in order to maintain the liquid level and adjusted the temperature of the liquid to 37 degrees C by an in-line heater. Though the temperature may affect the blood flow/supplyin of the breasts, we do not take account of its influence into the results, because all measurements have been done under the same temperature. The optical properties of the interface liquid were adjusted to match the average optical properties of the patient's breasts. Prior to the measurement of the patient's breast, the interface liquid without the breast was measured as a reference for image reconstruction. These measured profiles were also used to correct for the influence of the system's instrumental function (IF), eliminating the cumbersome procedure of IF measurements. Our calibration method was based on the fact that the relation between the measured and theoretical profile with respect to the target and reference object can be expressed by an equation that does not contain IF. Therefore, by comparing the measured and theoretical profile of the reference object, the measured profile of the target object could be calibrated for purposes of image reconstruction. It was demonstrated that our calibration method is quite effective and practical in a phantom experiment (22).
Clinical Flow
To fabricate the interface liquid surrounding the patient's breast, we needed to measure the optical properties of the patient's breasts. We used a single-channel TRS system (TRS-20S, Hamamatsu Photonics K.K., Japan) (23). The system enables quantitative analysis of light absorption and scattering in tissue using the photon diffusion theory. The observed temporal profiles were fitted to the photon diffusion equation (24) using the non-linear least squares method. We thereby derived the absorption (m a ) and reduced scattering (m s ′) coefficients for the three wavelengths. Moreover we obtained the oxy-hemoglobin (HbO 2 ), deoxy-hemoglobin (Hb), total-hemoglobin (tHb) and oxygen saturation (SO 2 ), which were calculated by the least square's method (25). As TRS-20 is portable and has a high data acquisition rate, it is suitable for use in clinical practice.
In our clinical studies, we used optical mammography after X-ray-mammography, ultrasound and MRI with a contrast agent. When the patient received chemotherapy for breast cancer, we scanned the patient before and after chemotherapy (6 months interval). We used a four-step procedure in order to obtain an optical image from the patient.
Step 1: Measurement of the optical parameters for the patient. Absorption coefficient (m a ), and reduced scattering coefficient (m s ′) of the breast tissue were measured by the TRS-20.
Step 2: Insertion of the breast cup. The patient lay on the examination bed on the stomach. The space between the cup and the breast tissue was filled with a liquid interface material prepared beforehand on the basis of the optical properties of each individual patient. The liquid interface material was adjusted to the averaged absorption coefficient and reduced scattering coefficient using the TRS-20.
Step 3: Irradiation. We irradiated ten points with a pulse laser and detected the light transmitted through the breast. The time required to acquire data for both breasts at a single wavelength was 7 minutes.
Step 4: Imaging. The data were analyzed and tomographic images of the hemoglobin concentration were reconstructed based on our original reconstruction algorithm, requiring about 3 minutes.
Phantom Experiments
To test the performance of the system, breast cancer phantoms were constructed. Figure 3 shows the target models (#1, #2) which have three absorbers made of epoxy mixed with silica and dyes as respective scattering and absorbing materials with different optical properties (26). Table I gives the optical parameters of the reference and the absorbers at a wavelength of 800 nm. The former are actual values measured with the aid of the TRS-20 and the others are theoretical values.
Reconstruction Algorithm
Our research goal is to develop optical mammography capable of acquiring quantitative measurements of the tumor properties. Information on the optical path length is essential for image reconstruction on the basis of quantitative properties; therefore, we have performed image reconstructions using the time-resolved photon path distribution (time-resolved PPD) (27, 28) . [1]
Because scattering and absorption are independent phenomena in this model, time-resolved PPD is calculated under the assumption of no absorption.
Hence, the impulse response h m a (t) of a uniform absorption medium is expressed as l i (t) as follows:
where m a is the absorption coefficient of the medium, and s(t) denotes the impulse response of the medium assuming no absorption. Thus, s(t) is directly related to the scattering properties, boundary conditions and so on. It is necessary to calculate s(t) analytically. We therefore calculated the timeresolved PPD in the no absorption condition. The photon intensity U i (t;t ′) at pixel i and time t ′(0 < 5 t ′ < 5 t) for photons contributing to the impulse response at time t is given by
where U pi (t ′) is the photon intensity at pixel i at time t ′ following an incident impulse at point p and time 0.
is the photon intensity of pixel i at time t-t ′ following an impulse incident at point q and time t-t ′ 5 0. This is equal to U iq (t-t ′) since the Law of Reciprocity applies in this case. Hence the sum of the photon intensities over all pixels at time t is given by where U i (t) is the photon intensity obtained when the emitted photon at position p is detected at position q and time t within pixel i. Because the photon path length within pixel i is proportional to the photon intensity of pixel i when the photon speed in the medium is assumed to be constant, the photon path length at pixel i and time t is defined by the following equation:
We created a three-dimensional gantry model according to a mathematical procedure. We used a three-dimensional FEM (finite-element method) for breast imaging. The shape of the three-dimensional gantry model is a hemisphere of 128 mm in diameter. The grid size is 1 mm and the time interval is 2 ps. The reduced scattering coefficient is an average value for the patient's breasts, and the absorption coefficient is 0/ mm. Here, U i (t), U (t) and l i (t) are calculated from the photon diffusion eq. [6],
where m a is the absorption coefficient [/mm], D ( 5 1 To reconstruct the 3D image of the target, we divided the volume of interest into 19,456 (5N) voxels, and then defined the sensitivity matrix l (t) in each voxel from the time-resolved PPD data. When the differences in the reference data due to differences in the breast were small, they were assumed to be negligible. Differences in the absorption coefficient matrix were defined as Dm a 5 m a 2 m a_ref , which corresponds to the differences observed in the detected absorption difference matrix DI (t) 5 ln R (t)2ln I (t). R (t) is the reference data and I (t) is the target data. Finally, we obtained 
Since eq. [7] is valid for an arbitrary source-detector pair and observation time, we have to obtain more than N pairs for image reconstruction. After determination of the differences in the absorption coefficient at three wavelengths and addition of the reference absorption coefficient to them, the oxyHb and deoxyHb concentrations were calculated from the absorption coefficients using the equations with the assumption that 18.7% of the background absorption was due to the water volume and 66.1% to the lipid volume (29). Moreover, our algorithm was based on the fact that time-resolved PPD is independent of the absorbance of the scattering medium. This means that PPD needs to be calculated only once. This method enabled us to reconstruct images in a shorter period of time than the conventional method, which requires that the Jacobian be recalculated. Therefore, this method is also applicable to human brain mapping (30) which requires rapid measurements.
Results
Phantom Imaging
Our reconstruction method using time-resolved PPD can use all photons contributing to a temporal profile. Because of the high signal to noise ratio, the region near the peak was generally considered suitable for analysis. However we provide further insights into the relationship between the range of reconstruction times (time gate) and the reconstructed image. Reconstructed phantom images for target #2 appear We found that the individual status of three absorbers could be confirmed using the early arrival photons. To evaluate the reproducibility of the data and the quantitative properties of the absorbers, reconstructed E30% images were examined. Figure 6 shows the surface renderings of the target at two levels. The reproducibility of the position of the absorbers in the gantry was compared. Though it was possible to separate the positions of the three absorbers in level 1 and level 2 of target #1, the separation between absorbers 2 and 3 could not be resolved in level 2 of target #2. The results with the absorbers using different time gates are given in Table II . Though reproducibility of the position proved to be insufficient for utilization of late arrival photons, quantification of the absorber was better than that of peak and early arrival photons. Overall, reconstruction using early arrival photons was considered to be the method of choice.
Clinical Imaging
The clinical study was started in January 2007. In the first period (2007. 1 -2009 . 3), the patient's breasts were measured at a single wavelength (800 nm). In the second period (2009. 4 -present) , the light source was switched over to all three available wavelengths for the purpose of measuring the hemoglobin concentration. Figure 6 : The reconstructed images (E30%). Threshold for each core surface rendering was set to 75% of the maximum reconstructed value (level 1) and threshold for each outer surface rendering was set to 50% (level 2). The scale indicates 5 mm. 
in Figure 5 (A)-(F). These Figures illustrate images at various reconstruction times within the time gate for image reconstruction. For example, E10% means "early arrival photons" which are detected before the peak of the temporal profile and at around one-tenth of the peak value. L30% means "late arrival photons" which are detected after the peak and at around one-third of the peak value. The time gate for image reconstruction, for example, E10% means that the window extends from 10% of the peak on the rising edge to a fixed width (about 800 ps wide). Figure 7 shows a typical clinical result for the single wavelength measurement. The patient was a 53 year-old woman with scirrhous cancer with dimensions of 35 3 27 3 21 mm in upper inner quadrant area of the right breast. The tumor is indicated by arrows in Figure 7 . Breast cancers were detected by our system as regions of higher absorption.
From the results of the phantom experiment, improvement in spatial resolution by the time gate was expected. Figure 8 shows the clinical results for the triple-wavelength measurements and time-gated imaging. This patient was a 63 yearold woman with a scirrhous cancer with dimensions of 10 3 9 3 9 mm in upper outer quadrant area of the right breast. The breast volume of this patient is around 200 cm 3 . Our breast volume measurement is based on Archimedes' principle of water displacement. Since this patient's breast volume and tumor size, which was around the parapet (open section of the gantry) were small, the detection of the tumor by our method was challenging. Though the tumor could not be detected using the peak photon region (data not shown), a fringe of high total hemoglobin concentration was apparent in the vicinity of the tumor using early arrival photons (E30%).
In addition, we confirmed that optical mammography is useful for the evaluation of chemotherapy. Optical measurement has proven beneficial in evaluating the effectiveness of chemotherapy in recent years (31, 32) . Figure 9 shows the MRI and optical mammography (wavelength5 800 nm) results before and after chemotherapy. The patient was a 51-year-old woman with papillotubular carcinoma with a diameter of 50 mm in upper outer quadrant area of the left breast. Tumor size was markedly decreased after chemotherapy and a later MRI scan barely picked up the tumor. The absorption coefficient in the tumor area was drastically decreased from 0.0076 /mm to 0.0050 /mm or by 34%. In contrast, the maximum absorption coefficient of the healthy breasts was decreased by only 9%. It was considered that optical mammography could be effective for the evaluation of chemotherapy.
Discussion
The performance of the system was tested in phantom and clinical studies. We describe below features of the time-gate method for imaging using time-gated photons.
In our experimental methods and results, the spatial resolution of image reconstruction was improved by using the early arrival photons. However, because of the low intensity of detected light and poor signal to noise ratio, the early arrival photons tended to increase the noise level in the reconstruction. Image reconstruction using the late arrival photons caused the determinants of the time-resolved path length distribution to become ill-posed, thereby degrading the spatial resolution. We think that a solution to this problem lies in utilizing the matrix technique or increasing the differences in the time-resolved PPD in each voxel. Though the spatial resolution was decreased by use of late arrival photons, there was an instance in which the sensitivity to the absorber was improved [Table II ]. Probably, as the light absorption was increased by multiple photon passages through the absorber, the differences observed tended to increase.
The time-gate method also offered a performance advantage in diffuse reflectance measurements. The early arrival photons have high sensitivity in the superficial regions of the breast and the late arrival photons have high sensitivity in the relatively deep layers of the breast. Hence, it is useful to acquire tumor information by taking advantage of these features.
In a comparative study with conventional modalities, breast cancers were detected as regions of higher absorption. We consider that it was likely to be caused by angiogenesis in breast tumors. Other groups also reported that absorption by the blood was larger in tumors than in healthy tissue (14, 15, 33). As described herein, our method was excellent in reproducibility and quantitativity and it enables to compare the absorption images of the breast before and after chemotherapy. Therefore, we believed that it will make a large contribution to differential diagnosis of breast cancer in near future. 
